Human cytomegalovirus (CMV) is a ubiquitous herpesvirus with the ability to establish a lifelong latent infection. The mechanism by which this occurs is not well understood. Regulation of, for example, immediateearly (IE) gene expression is thought to be a critical control point in transcriptional control of the switch between latency and reactivation. Here, we present evidence that supports previous studies showing that the majority of genomes are quiescent with respect to gene expression. To study the possible role of epigenetic factors that may be involved in repression of ie gene expression in latency, we have analyzed changes in the patterns of modifications of histones bound to the major IE promoter (MIEP) in the kidneys of acutely and latently infected mice. Our studies show that, like herpes simplex virus, murine CMV genomes become relatively enriched in histones in latent infection. There are dramatic changes in modifications of histones associated with the MIEP when latency is established: H3 and H4 become hypoacetylated and H3 is hypomethylated at lysine 4, while H3 lysine 9 is hypermethylated in latently infected mice. These changes are accompanied by a relative loss of RNA polymerase and gain of heterochromatin protein 1␥ and Yin-Yang 1 bound to the MIEP. Our studies suggest that, in the majority of cells, CMV establishes a true latent infection, defined as the lack of expression of genes associated with productive infection, and that this occurs through changes in histone modifications and recruitment of transcriptional silencing factors to the MIEP.
Human cytomegalovirus (HCMV) is a ubiquitous herpesvirus with the ability to establish a lifelong latent infection. Reactivation of latent virus is associated with increased risk of morbidity and mortality in immunocompromised hosts, including AIDS patients, cancer patients, and recipients of solid organ and bone marrow transplants (41) . Reactivation of virus in immunocompetent individuals is generally asymptomatic but contributes to the pool of infectious virus, which can infect susceptible hosts. Infection of developing fetuses during pregnancy, resulting from either primary infection or reactivation in the mother, can result in death or long-term neurological deficits, including deafness. Currently available antiviral therapies are effective in blocking viral replication but are associated with toxicity and resistance. Furthermore, these therapies do not eliminate reservoirs of latently infected cells, and thus do not prevent future episodes of reactivation. An understanding of the molecular mechanism by which CMV establishes latency is necessary for the development of new therapeutic strategies targeting reservoirs of latent infection.
Because HCMV does not infect other species, we and others have used murine CMV (MCMV), which is similar to HCMV with respect to genome organization, pathogenesis, and ability to establish latent infection and to reactivate, as a convenient model system for the study of CMV latency in vivo. Viral gene expression during MCMV and HCMV productive infection in vitro follows the regulatory cascade observed in other herpesviruses (39) . Viral replication is initiated by expression of the immediate-early (ie) genes. The RNAs encoded by the HCMV major immediate-early region, IE-1 and IE-2, are differentially spliced transcripts which are initiated at the major immediateearly promoter (MIEP). The ie-1 and ie-2 genes encode transcriptional regulatory proteins which are required for induction of early and late gene expression, viral DNA synthesis, and production of infectious virus. Thus, expression of the ie-1 and ie-2 genes is required for all subsequent phases of viral replication. MCMV encodes similar genes, which are called ie-1 and ie-3 (25, 26, 37) .
Latency has been defined operationally as the presence of viral DNA in the absence of detectable virus. However, the molecular definition of latency has been more controversial. It has not been clear whether there is a true state of latency, in which the viral genome is transcriptionally silent with respect to expression of genes involved in lytic replication, or whether latency is maintained solely as a result of elimination of productively infected cells by immunosurveillance. In the case of the former, reactivation would be due to transcriptional reactivation of viral gene expression; in the latter case, reactivation would be due to loss of immune control (32) . Because the ie genes are the master regulators of viral replication, transcriptional control of latency is likely to be mediated by regulation of these genes.
Expression of both the HCMV and MCMV ie genes is controlled by the enhancer region of the MIEP (8, 11) . This region contains putative binding sites for many cellular transcription factors, including NF-B, AP-1, and ATF (20, 36) . These factors are not active in resting cells (6, 23) . Thus, transcriptional inactivity of the ie genes could be due in part to the absence of positive-acting factors required for transcription. However, previous studies have suggested that ie gene expression may also be subject to negative regulatory factors which control access of the transcription apparatus to the DNA (3) .
Cellular DNA is complexed with histones and other nuclear proteins to form chromatin. The structural subunit of chromatin is the nucleosome, which consists of 146 bp of DNA wrapped around a histone core octamer composed of two copies each of H2A, H2B, H3, and H4. The amino-terminal tails of these histones and some residues located at exposed sites within the globular domain of histones are subject to a wide variety of posttranslational modifications, including acetylation, methylation, phosphorylation, and ubiquitination (30) . These modifications can have a direct impact on transcription by altering local chromatin architecture or work indirectly through the recruitment of trans-acting factors that recognize specific histone modifications (the "histone code" hypothesis) (22, 52, 54) . Because these patterns of histone modifications, and thus patterns of gene expression, can be transmitted to daughter cells, they have been called epigenetic modifications.
Recent studies suggest that epigenetic factors may also regulate latency and reactivation of herpesviruses (1-3, 9, 14, 21, 27, 31, 35, 43, 55) . Analysis of patterns of chromatin marks associated with the CMV genome in different phases of infection has been very limited and has been restricted to cell culture and ex vivo model systems (21, 40, 43) . In order to understand possible mechanisms involved in establishment of latency in vivo, we have investigated changes in association of the MCMV MIEP with enzymes and effector proteins that control transcriptional activity and in patterns of histone modifications in the kidneys of mice during acute and latent stages of infection. Our studies support a model of CMV latency in which the MIEP becomes transcriptionally inactive and suggest that this occurs as a result of changes in histone modifications and recruitment of transcriptional silencing factors to the MIEP.
MATERIALS AND METHODS
Mice and virus. Three-week-old, female, specific-pathogen-free BALB/c mice were purchased from Jackson Laboratory, Bar Harbor, ME. Mice were maintained in isolation cages and fed and watered ad libitum. This study protocol was reviewed and approved by the Northwestern University Institutional Animal Care and Use Committee. MCMV (Smith strain; ATCC 194-VR) was purchased from the American Type Culture Collection (Rockville, MD). Virus stocks were generated by routine propagation in mouse salivary glands as previously described (28) . BALB/c mice were infected by intraperitoneal injection with 10 5 PFU of purified MCMV. Mice were sacrificed at 4 days and Ͼ90 days postinfection for acute and latent studies, respectively.
Antibodies. Antibodies against histone H4 (pan), acetyl-histone H4 (Lys5, -8, -12, and 16), acetyl-histone H3 (Lys9 and -14), trimethyl-histone H3 (Lys4), monomethyl-histone H3 (Lys9), dimethyl-histone H3 (Lys9), trimethyl-histone H3 (Lys9), and heterochromatin protein 1␥ (HP1␥; clone 42s2) were obtained from Millipore Corporation (Billerica, MA). Antibodies for histone H3 (pan), histone deacetylase 2 (HDAC2), and HDAC3 were purchased from SigmaAldrich, Inc. (St. Louis, MO). RNA polymerase II (Pol II) antibody raised against the N terminus of murine Pol II was obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Nucleic acid extraction. Kidneys from anesthetized, infected mice were removed and immediately frozen in liquid nitrogen. DNA was purified from mouse kidneys with a Puregene tissue kit (Gentra, Minneapolis, MN) according to the manufacturer's instruction. Total RNA was isolated and purified with the TRIzol Plus RNA purification kit (Invitrogen, Carlsbad, CA). On-column DNase I digestion was performed during RNA purification. DNA and RNA were quantified by absorbance at 260 nm on a DU640B spectrophotometer (Beckman Coulter, Fullerton, CA).
Reverse transcription. Oligo(dT)-primed cDNA was generated from 5 g of total RNA using an AffinityScript multiple temperature cDNA synthesis kit (Stratagene, La Jolla, CA). Reverse transcriptase was inactivated at 70°C for 15 min, and samples were cooled to 37°C and treated for 30 min with 0.15 U/l RNase H (Invitrogen) and 1 l RNase cocktail (Ambion, Austin, TX). Subsequently, the cDNA was purified with a QIAquick PCR purification kit (Qiagen, Valencia, CA) and quantified using a Quant-iT Oligreen single-stranded DNA assay kit (Invitrogen).
Real-time PCR analysis. Real-Time PCRs were performed with an ABI 7500 Fast system using the standard mode and standard curve (absolute quantitation) assay. Primers and Taqman MGB probes (Table 1) were designed by ABI or by using Primer Express 3.0 software. Reaction mixtures contained 1ϫ Taqman gene expression master mix, 900 nM primers, and 250 nM Taqman MGB probe. Each sample was analyzed in triplicate. The thermal cycling conditions were 50°C for 2 min and 95°C for 10 min, followed by 50 cycles of 95°C for 15 s and 60°C for 1 min.
Absolute quantification of MCMV DNA and RNA by real-time PCR. Plasmid pIE111 (37) , harboring the MIEP, ie-1, and ie-3 genes, PCR-TOPO-M82, containing part of M82, and PCR-TOPO-M102, containing a segment of M102, were used to generate standards for absolute quantification of IE-1, M82, and M102 RNAs and DNAs. Serial dilutions of the plasmids containing 3 ϫ 10 6 , 3 ϫ 10 5 , 3 ϫ 10 4 , 3 ϫ 10 3 , 3 ϫ 10 2 , 3 ϫ 10 1 , or 1 ϫ 10 1 copies were added to 800 ng of genomic DNA from uninfected mouse kidneys for quantification of viral DNA. Standards were diluted into 8 ng of cDNA from uninfected mice to quantify IE-1, M82, and M102 RNAs. A total of 800 ng of genomic DNA or 8 ng of cDNA from uninfected mouse kidneys was used as a no-template control for analysis of DNA or RNA, respectively. Primers and probe from ie-1 exon 4 and the M82 and M102 open reading frames (Table 1) were used to detect IE-1, M82, and M102 DNAs and RNAs, respectively. The DNA or RNA copy number in each sample was calculated from a standard curve generated in parallel with each individual assay. The sensitivity of this assay was less than 10 copies (r ϭ 0.99); the efficiencies of amplification were 97.4% and 95.6% for analysis of the DNA and RNA, respectively.
In order to determine the ratio of RNA to DNA, kidneys from three acutely or latently infected mice were divided in half and weighed; one half of each kidney was used to purify RNA and the other half was used to purify DNA. The DNA copy number in each sample was determined from the standard curve, and viral DNA copy number per mg of tissue To quantify IE-1, M82, and M102 RNA copy number, cDNAs from each sample generated by reverse transcription were purified to remove unincorporated nucleotides and residual RNA and quantified to determine the efficiency of conversion of the RNA to cDNA (ng cDNA/g RNA). The RNA copy number per ng of cDNA was then determined from a standard curve generated by diluting plasmids harboring a given DNA into cDNA from uninfected mice, and the viral RNA copy number per mg of tissue (R) was calculated according to the formula R ϭ N R ϫ E ϫ Y, where N R is the RNA copy number per ng of cDNA, E is the efficiency of reverse transcription (ng cDNA/g RNA), and Y is the yield (g RNA/mg tissue). This analysis corrects for variability in conversion of RNA to cDNA.
ChIP. The chromatin immunoprecipitation (ChIP) protocol (12) was modified for isolation of chromatin from tissue (38) . Mouse kidneys were minced and fixed with 1% formaldehyde for 15 min at room temperature, followed by termination of the reaction with 125 mM glycine (final concentration). The samples were then washed twice in phosphate-buffered saline, resuspended with hypotonic solution (10 mM HEPES pH 7.9, 10 mM KCl, 2 mM EDTA, 5% sucrose, 0.2% NP-40, 0.15 mM spermine, 0.5 mM spermidine, 2 mM dithiothreitol, 1 g/ml pepstatin, 1 mM phenylmethylsulfonyl fluoride, and 2ϫ protease inhibitor cocktail [Roche Diagnostics, Indianapolis, IN]), and homogenized with 11 strokes of a Dounce homogenizer. Cell homogenates were gently layered on 5 ml of cushion buffer (10 mM Tris-Cl, 15 mM NaCl, 60 mM KCl, 2 mM EDTA, 10% sucrose, 0.15 mM spermine, 0.5 mM spermidine, and protease inhibitor in hypotonic solution), and centrifuged at 4°C, 5,000 ϫ g for 1 min. The pellets were washed twice with cold phosphate-buffered saline and resuspended in sonication buffer (1 mM EDTA, 0.5 mM EGTA, 10 mM Tris-Cl pH 8.0, 0.05% sodium dodecyl sulfate [SDS], 1 mM phenylmethylsulfonyl fluoride), and sonicated with a 4710 series ultrasonic homogenizer (Cole-Parmer Instrument Co., Chicago, IL) to obtain chromatin
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fragments ranging in size from 500 to 1,000 bp. After centrifugation (12,000 ϫ g, 10 min) the supernatants were collected and diluted with a one-ninth volume of 10ϫ RIPA buffer (10% Triton X-100, 1% sodium deoxycholate, 1.5 M NaCl). Soluble chromatin was precleared with normal mouse/rabbit immunoglobulin G (IgG) and GammaBind G-Sepharose (GE Healthcare, Piscataway, NJ). The chromatin was incubated overnight at 4°C with target-specific antibodies. Immunoprecipitates were harvested with 30 l GammaBind G-Sepharose slurry per ml of sample and washed sequentially with low-salt washing buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-Cl pH 8.1, 150 mM NaCl), high-salt washing buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-Cl pH 8.1, 500 mM NaCl), LiCl washing buffer (0.25 M LiCl, 1% NP-40, 1% Na deoxycholate, 1 mM EDTA, 10 mM Tris-Cl pH 8.1), and Tris-EDTA buffer (1 mM EDTA, 10 mM Tris-HCl pH 8.1). Immune complexes were eluted with 500 l elution buffer (0.1 M NaHCO 3 , 1% SDS) by rotating at room temperature for 30 min. The cross-links were reversed by incubation overnight at 65°C in the presence of 200 mM NaCl followed by incubation with 0.2 g/l protease K at 45°C for 1.5 h. The DNA was extracted with phenol-chloroform and precipitated with a 1/10 volume of 3 M sodium acetate, pH 5.2, and 2.5 volumes of ethanol.
Prior to the addition of antibody to the sheared chromatin, an aliquot (subsequently referred to as the input) was removed and purified in a manner similar to that for the bound ChIP fraction. Generally, one-third of the immunoprecipitated DNA was used for semiquantitative and/or real-time PCR amplification. Semiquantitative PCR amplification of the MCMV MIEP segment was performed in the presence of 400 nM of each primer (Table 1) , 0.2 mM each of dATP, dCTP, dGTP, and dTTP, 1ϫ PCR buffer, 1.5 mM MgCl 2 , 1 unit of AmpliTaq Gold DNA polymerase (Applied Biosystems, Foster City, CA), and 2 units of Perfect Match PCR enhancer (Stratagene). The thermal cycling parameters for amplification were 95°C for 5 min and 45 to 50 cycles at 95°C for 15 s, 60°C for 1 min, and 72°C for 30 s.
Amplification of the ␤-actin and Ant4 promoter regions by semiquantitative PCR was performed using 200 nM of each primer (Table 1) , 1ϫ PCR master mix (Promega, Madison, WI) at 95°C for 30 s, 60°C for 1 min, and 72°C for 30 s for 28 cycles. The amplified DNAs were analyzed by 1.2% agarose gel electrophoresis; images were acquired using a Lambda Gel photo system. As a negative control, the chromatin was immunoprecipitated with normal mouse/rabbit IgG and processed as above.
Quantitative analysis of ChIP DNA samples by real-time PCR. Primers and probes specific for the MIEP region were designed using the Primer Express software. To validate the assay for real-time PCR analysis of MIEP DNA, we first analyzed serial dilutions of plasmid pIE111 (ranging from 1 ϫ10 1 to 3 ϫ 10 6 copies) diluted into genomic DNA. The sensitivity of this assay was less than 10 copies (efficiency, 98.3%; r ϭ 0.99). The relative amount of MCMV MIEP DNA in each ChIP sample was determined using the relative standard curve method as described in the Applied Biosystems support material, Chemistry guide: Applied Biosystems real-time PCR systems (part no. 4348358; http://www .appliedbiosystems.com/support/apptech/). Serial dilutions of sheared genomic DNA purified from acutely infected mouse kidneys were used to generate the standard curve. The same set of standards was used for all analyses. For analysis of total H3 and H4, HDACs, RNA Pol II, and YY1, the results are expressed as the percentage of immunoprecipitated chromatin relative to the total input chromatin in the immunoprecipitation mixture. In addition, the analyses of histone modifications are expressed as the ratio of the modified histone to the corresponding total histone after normalization to input DNA. ChIP assays were analyzed in triplicate, and the results presented are the averages of three independent assays plus standard errors. A t test was used to determine statistical significance. P values of Ͻ0.05 were considered statistically significant.
RESULTS
MCMV ie gene expression is turned off in latent infection. Previous studies of MCMV latency in the lungs have shown that the number of detectable IE-1 RNA molecules is much lower than the number of detectable DNA molecules, suggesting that most genomes are transcriptionally inactive (42, 56) . The estimates of the ratio of RNA to DNA have varied widely. One study, using semiquantitative PCR, found ratios of 0.02 to 
0.2 (56), while another study, based on a statistical analysis of the frequency of detection, estimated that there is 1 IE-1 transcriptional event per 25,000 viral genomes (42) . We have previously developed a kidney transplant model for inducing transcriptional reactivation of ie gene expression (20) . Because we were interested in studying latency in the kidney, we developed a real-time PCR absolute quantification assay in order to analyze the ratio of IE-1 RNA to DNA in different phases of infection in the kidney, despite the fact that the viral load in the kidneys is approximately 10-fold lower than in the lungs (4) .
Using this assay, MCMV DNA was consistently detected in both acutely and latently infected mice, although the DNA copy number was approximately 13-fold lower in latently infected mice than in acutely infected mice at 4 days postinfection (Table 2) . No-template controls were consistently negative. In other studies, we have shown that viral DNA replication in the kidney peaks at 7 days postinfection. The ratio of acute versus latent DNA taken at the peak of infection is much higher (X.-F. Liu, unpublished observations). IE-1 RNA was also consistently detected in acutely infected mice at 4 days postinfection, with approximately two copies of IE-1 RNA per genome. In contrast to acute infection, IE-1 RNA was only occasionally detectable in kidneys of latently infected mice. Of three latently infected mice analyzed in triplicate, IE-1 RNA was detected in one out of three replicates in two mice and was undetectable in the third. The ratio of RNA to DNA dropped 10-fold in latently infected mice, to 0.22. The difference in the ratio of RNA to DNA in acute and latent infection was statistically significant (P Ͻ 0.01). Similar ratios were observed for RNAs encoding genes expressed at later stages of infection, M82 and M102. These data demonstrate that in latently infected mice the majority of MCMV genomes are transcriptionally silent with respect to expression of genes involved in productive infection.
Chromatin immunoprecipitation assays. Previous studies with cells latently infected with HCMV indicated that the conformation of the chromatin associated with the MIEP, which is determined by histone modifications, may control ie gene expression in latent infection (35, 40, 43) . We therefore used ChIP assays to analyze changes in interactions of the MIEP during the acute and latent stages of infection in vivo with various factors that control transcriptional activity. To validate our ChIP procedure for chromatin isolated from mouse kidney tissue, we selected two cellular genes, ␤-actin and Ant4, as controls for transcriptionally active and inactive genes, respectively. ␤-Actin is widely expressed in all organs; Ant4 is a developmentally regulated gene which is silenced through DNA methylation in adult mouse tissues (46) . After isolation, shearing, and cross-linking, chromatin was immunoprecipitated with antibodies specific for histone H3 (all forms), RNA polymerase II, HP-1␥, or IgG. Immunoprecipitated DNA was then amplified with primers specific for the ␤-actin or Ant4 promoter regions. As expected, histone H3 was associated with both the ␤-actin and Ant4 promoters (Fig. 1, lanes 3 and 4) . RNA polymerase II was associated with the transcriptionally active ␤-actin promoter, but binding of RNA Pol II to the transcriptionally silent Ant4 promoter was not above background (Fig. 1, lanes 5 and 6) . Conversely, HP-1␥, a marker for silenced chromatin (5, 45, 51) , preferentially bound to the Ant4 promoter (Fig. 1, lanes 7 and 8) . There was no detectable difference between acute infection and latent infection with any of the antibodies used (Fig. 1, compare lanes 3 and 4 , lanes 5 and 6, and lanes 7 and 8). These results indicate that the ␤-actin and Ant4 genes are valid controls for our experimental system and that our ChIP assay procedure works appropriately with chromatin isolated from mouse kidney tissue.
Because the MCMV DNA copy number is lower in latently infected mice, we titrated serial dilutions of acute chromatin to determine the ratio of acute versus latent chromatin required for equal detection of MCMV DNA after amplification. Our results showed that 10-to 20-fold less chromatin from acutely infected mice gives a signal comparable to that observed with chromatin from latently infected mice (data not shown). These results are consistent with our observation that the DNA copy number is approximately 13-fold lower in latently infected mice than in acutely infected mice at 4 days postinfection ( Table 2) .
Interaction of RNA polymerase II with the MIEP is lost in latency. Using an acute/latent chromatin ratio of 1:20, we then examined the interaction of RNA polymerase with the MIEP in chromatin from acutely and latently infected mice. Chromatin from uninfected mice was used as a negative control. There was no detectable amplification of the MIEP region with chro- 
FIG. 1. Validation of ChIP assays.
Chromatin from kidneys of acutely (A) and latently (L) infected mice was subject to ChIP analysis with antibodies against histone H3, RNA Pol II, HP-1, or normal IgG as described in Materials and Methods. PCR was performed with primers specific to the ␤-actin gene promoter region (␤-actinP) or the Ant4 gene promoter region (Ant4P).
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on October 15, 2017 by guest http://jvi.asm.org/ matin from uninfected mice ( Fig. 2A, lanes 1, 4, and 7 ) or after immunoprecipitation of chromatin from infected mice with nonspecific IgG antibody control ( Fig. 2A, lanes 8 and 9) , demonstrating the specificities of our PCR amplification and immunoprecipitation, respectively. As expected, RNA polymerase II was associated with the MIEP in chromatin from acutely infected mice ( Fig. 2A, lane 5) . Very little RNA polymerase II was bound to the MIEP in chromatin from latently infected mice (Fig. 2A, lane 6) . It is unlikely that this difference is due to differences in copy number, since the DNAs are equally detectable in the input DNA ( Fig. 2A, lanes 2 and 3) .
To confirm this result, we used real-time PCR to analyze DNA copy number. Relative MIEP DNA copy number in ChIP and input DNA was determined by the relative standard curve method as described in Materials and Methods, and the amount bound to RNA Pol II was normalized to input DNA to control for variability in DNA copy number between acutely and latently infected mice. The percentage of IE-1 DNA molecules bound to RNA polymerase II in acute infection was greater than that of ␤-actin. However, in latent infection, this percentage fell 24-fold, such that the percentage of MIEP molecules bound to RNA polymerase II was similar to that of the transcriptionally inactive Ant4 promoter (Fig. 2B) . The difference between acutely and latently infected mice in binding of RNA polymerase II to the MIEP was statistically significant (P Ͻ 0.001). These data are consistent with our previous results (Table 2) showing that the majority of genomes in latently infected mice are transcriptionally inactive. The MCMV MIEP is associated with histones in infected cells. Previous studies have indicated that the genomes of herpesviruses are not associated with histones in the virion but become chromatinized during infection (27, 55) . We therefore investigated the association of the MIEP with histones H3 and H4 during acute and latent stages of infection, using antibodies that recognize both modified and unmodified forms of the histones. Associations of the ␤-actin and Ant4 promoters with histones H3 and H4 were analyzed as controls. ChIP products were amplified by real-time PCR, and values were normalized to input DNA analyzed in parallel. Our results (Fig. 3) show that both the ␤-actin and Ant4 promoters are associated with histones H3 and H4 in latently and acutely infected mice, with little difference between these groups. The MIEP is also associated with histones in both acutely and latently infected mice. At 4 days postinfection, the percentage of IE-1 molecules associated with histones was similar to that of cellular genes. However, in contrast to cellular genes, the percentage of IE-1 molecules associated with histones significantly increased in latent infection (P Ͻ 0.05), such that it was greater than that of cellular genes. These results are consistent with previous studies of herpes simplex virus (HSV) (27, 55) .
Histones bound to the MIEP are hypoacetylated in latent infection. It is well-established that modifications of specific histone residues play an important role in transcriptional regulation of eukaryotic genes (30) . Acetylation of lysines 9 and 14 of histone 3 (H3K9 and H3K14) is associated with transcriptionally active genes, while deacetylation is associated with transcriptional inactivity. We therefore examined interactions of the MIEP with acetylated histones H3 and H4 during acute and latent infection by ChIP followed by real-time PCR analysis (Fig. 4) . Associations of acetylated histones with the ␤-actin and Ant4 promoters were analyzed in parallel as controls for transcriptionally active and inactive genes, respectively. Our results showed that binding of acetylated histones to the ␤-actin promoter was approximately 10-fold higher than bind- ing to the Ant4 promoter (ϳ1% of input versus 0.1% for H3 and 2.5% versus 0.23% for H4) (Fig. 4A, top and middle panels). There is no difference between acute and latent infection in binding of acetylated histones to cellular promoters. In contrast, a greater proportion of MIEP molecules are bound to acetylated histones in acute infection than in latent infection (Fig. 4A, bottom panel) . However, a greater proportion of viral genomes are associated with histones in latent infection than acute infection (Fig. 3) . When this is taken into account by calculating the ratio of acetylated histones to total histones bound to the promoter, the proportion of MIEP molecules associated with acetylated H3 in latently infected mice is reduced 40-fold, from 8 in acutely infected mice to 0.2 in latently infected mice (Fig. 4B, bottom panel) . Similarly, the ratio of acetylated H4 bound to the MIEP falls 35-fold from 14 to 0.4 in acutely and latently infected mice, respectively. The ratios of acetylated histones to total histones are greater than 1 because of differences in the efficiencies of the antibodies for modified histones, which recognize epitopes in the freely accessible histone tails, and unmodified histones, which recognize epitopes buried within the molecule. In contrast, the ratio of acetylated versus total histones bound to the promoters of cellular genes in acutely and latently infected mice remained unchanged (Fig.  4B, top and middle panels) . These results demonstrate that histones bound to the MIEP are hypoacetylated in latently infected mice.
HDACs are recruited to the MIEP in latent infection. Deacetylation of histones is catalyzed by HDACs. Among 10 classical HDACs, 5 are expressed in kidney tissue (10) . We selected HDAC2 and HDAC3, which have been well-characterized and have relatively high expression in the kidney, as targets to investigate. Binding levels of HDACs to the ␤-actin and Ant4 promoters were analyzed as controls. There was little binding of HDACs to the MIEP in acute infection. In contrast, binding of HDAC2 to the MIEP was 30-fold higher in latently infected mice compared to acutely infected mice, while binding of HDAC3 was enriched 4.6-fold in latently infected mice (Fig.  5) . Thus, the percentage of MIEP molecules bound to HDACs was much greater than that bound to the transcriptionally inactive Ant4 gene. Unlike the MIEP, CpGs in the Ant4 pro- FIG. 4 . Association of acetylated histones with the MIEP region. Chromatin from acutely and latently infected mice was subjected to ChIP with antibodies against histone H3, histone H4, acetylated histone H3 (Ac-H3), or acetylated histone H4 (Ac-H4), followed by quantitative real-time PCR with primers/probe specific to ␤-actin (top panels), Ant4 (middle panels), or the MCMV MIEP region (bottom panels). The data are presented as the percent input (A) or as the ratio of DNA bound to acetylated histones versus that bound to the corresponding total histone after normalization to input DNA (B). Results shown are the means ϩ standard errors of the means of three independent experiments. ‫,ء‬ P Ͻ 0.01. Gray bars, acute infection; black bars, latent infection.
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on October 15, 2017 by guest http://jvi.asm.org/ moter are methylated. These observations suggest that transcriptional silencing of Ant4 may be regulated primarily by factors other than HDAC2 and HDAC3. However, our results suggest that HDACs do play a role in transcriptional silencing of the MIEP in latent infection. Patterns of histone methylation change upon establishment of latency. Methylation of histones has been correlated with both positive and negative effects on transcription. Trimethylation of histone H3 lysine 4 (H3K4me3) is strongly indicative of transcriptional activation, whereas methylation of other lysine residues of H3 (e.g., lysine 9 or 27) is associated with transcriptional repression (5, 7, 30, 44, 47) . Histone H3 lysine 9 can be mono-, di-, or trimethylated, denoted H3K9me1, H3K9me2, and H3K9me3, respectively. To determine the methylation status of histone H3 associated with the MIEP, we performed ChIP analysis of chromatin from acutely and latently infected mice with antibodies specific for trimethylated H3K4 and for the mono-, di-, or trimethylated forms of H3K9 as well as antibodies that recognize total H3. The promoter regions of the ␤-actin and Ant4 genes were amplified from ChIP products in parallel with the MIEP as controls. Our results showed that, as expected, the ␤-actin promoter is enriched in H3 methylated at lysine 4 and is deficient in H3 methylated at lysine 9 ( Fig. 6A and B, top panel) . The reverse is true for the transcriptionally silent Ant4 gene (Fig. 6A and B , middle panel). There is little difference between latently and acutely infected mice in the methylation patterns of histones bound to cellular promoters. In contrast to cellular genes, the patterns of methylation of histones bound to the MIEP are dramatically different in acutely and latently infected mice (Fig. 6A, bottom panel) . In latently infected mice, the MIEP becomes markedly enriched in H3 methylation of lysine 9. Methylation of lysine 4, which is associated with active transcription, appears to be the same in acutely and latently infected mice. However, the proportion of MIEP molecules associated with histones is much greater in latently infected mice (Fig. 3) . When this is taken into account by calculating the ratio of methylated H3 to total H3, it is apparent that methylation of H3 lysine 4 is markedly reduced in latently infected mice, while mono-and dimethylation of H3 lysine 9 is dramatically increased (Fig. 6B, bottom panel) . There is little association of the trimethylated form of H3K9, which is generally found in permanently silenced pericentric heterochromatin (44) , with the MIEP. As with our analysis of the state of histone acetylation (Fig. 4) , the results of our analysis of methylation of histones associated with the MIEP in latently infected mice are consistent with those observed for transcriptionally silent genes.
HP-1␥ is bound to the MIEP in latent infection. It is thought that methylation of H3K9 facilitates formation of heterochromatin and represses transcription by recruiting HP-1, which interacts with itself and other factors to create a compact chromatin structure that is not permissive to transcription (5, 45, 51) . We therefore assessed recruitment of HP-1␥ to the MIEP by quantitative PCR analysis of ChIP products. The results (Fig. 7) showed that, relative to acute infection, the level of HP-1␥ associated with the MIEP was enhanced 14-fold in latent infection, a difference which was statistically significant (P ϭ 0.02).
YY1 is recruited to the MCMV MIEP in latent infection. YY1 is a highly conserved zinc-finger transcription factor that can act as either an activator or repressor of transcription (13) . Previous studies have shown that YY1 binds to negative regulatory elements in the HCMV enhancer and mediates repression of the HCMV enhancer (29, 34) . The MCMV MIEP contains the sequence CCATATT, which is an imperfect match for the YY1 consensus binding site (49) . We therefore investigated binding of YY1 to the MIEP by ChIP analysis. We analyzed YY1 binding to ribosomal protein L30 (rpL30) and ␤-actin as positive and negative controls, respectively. YY1 is a positive regulator of rpL30 (15, 16) . Our studies showed that there is a dramatic increase in the association of YY1 with the MIEP in latently infected mice (P Ͻ 0.01) (Fig. 8) .
DISCUSSION
The relative roles of the immune response and transcriptional control of viral gene expression in controlling CMV latency and reactivation have not been clear. CMV disease is generally observed only in immunocompromised individuals, and thus, there is no question that immunosurveillance plays a critical role in controlling reactivation once it has begun. However, the role of transcriptional regulation of viral gene expression, and particularly ie gene expression, has been more obscure. The high frequency of CMV-specific CD4 ϩ and CD8 ϩ T cells in healthy, seropositive individuals, which suggests repeated stimulation of the immune response (18, 24, 48) , the observation that viral shedding is frequently observed in healthy individuals (53) , and the high frequency of detection of ie gene expression in mice with latent MCMV infection (17, 33, 56), has cast doubt on the idea there is a true state of latency, as defined by the absence of expression of genes associated with productive infection.
However, other studies support the hypothesis that there is a true state of latency and that transcriptional reactivation of ie gene expression is a key event in reactivation of CMV. Studies in our lab have shown that MCMV ie gene expression can be induced by allogeneic transplantation of latently infected kidneys, where it is not detectable in the contralateral nontransplanted control kidney from the same mouse (20) . Similarly, activation of the HCMV enhancer can be induced by allogeneic transplantation of kidneys from transgenic mice carrying a FIG. 6 . Analysis of methylation of histone H3 bound to the MIEP in acute and latent infection. Chromatin from kidneys of acutely or latently infected mice was analyzed by ChIP with antibodies against histone H3, H3K4me3, H3K9me1, H3K9me2, or H3K9me3. Real-time PCR was performed on the immunoprecipitates with primers/probe specific to ␤-actin (top panels), Ant4 (middle panels), or the MIEP (bottom panels). The data are presented as the percent input (A) or as the ratio of DNA bound to methylated histones versus that bound to the corresponding total H3 after normalization to input DNA (B). Results shown are the means ϩ standard errors of the means of three independent experiments. ‫,ء‬ P Ͻ 0.02. Gray bars, acute infection; black bars, latent infection. (20) . In these uninfected mice, increased expression of the reporter can only be due to activation of the enhancer. Additional studies in our lab and others have shown that ie gene expression is much higher in mice treated with tumor necrosis factor than in control mice (20, 50) . Studies with HCMV naturally infected monocytes have shown that ie gene expression can be induced ex vivo in cells which were negative prior to treatment (43) . Furthermore, analysis of the ratio of RNA to DNA in mice latently infected with MCMV has shown that the number of viral DNA molecules vastly exceeds the number of IE-1 RNA transcripts, and thus, that most viral genomes are silent with respect to ie gene expression (42, 56) . Here, we have used direct quantification to examine the ratio of MCMV DNA to RNA in acutely and latently infected mice. Our studies show that, although the DNA is consistently detectable in latently infected mice, IE-1 RNA is often below the level of detection. Of three replicates of samples from three mice, IE-1 RNA was detectable two of nine times. Overall, the ratio of RNA to DNA was approximately 0.22 IE-1 transcripts per genome. While this is substantially higher than previous estimates of RNA expression derived from statistical analysis of the frequency of detection in the lungs (42) , it is similar to previous estimates based on semiquantitative PCR analysis of latently infected lungs (56) . Because detection of IE-1 RNA is likely due to sporadic reactivation, the absolute ratio of RNA and DNA may be quite variable. In any case, the results of our analysis of RNA expression in the kidneys of latently infected mice support previous analyses of the lung, which indicate that the majority of genomes are transcriptionally inactive in latently infected mice.
In order to investigate the mechanisms by which ie gene expression is repressed in latent infection, we have analyzed epigenetic factors associated with the MIEP. Methylation of cytosine residues in CpG dinucleotides and specific modifications of histones bound to promoter regions have been shown to be associated with repression of transcription (45) . Our previous studies have shown that the MIEP is not methylated in latently infected mice (19) . We therefore investigated modifications of histones bound to the MIEP in both acutely infected mice, in which the ie genes are actively transcribed, and in latently infected mice, in which ie gene expression is turned off. Our studies showed that, like HSV (27, 55) , association of the genome with histones is much greater in latently infected mice than in acute infection. In addition, our studies showed that the patterns of histone modifications change when latency is established. In acute infection, histones H3 and H4 bound to the MIEP are acetylated at lysine residues associated with active transcription and H3 is methylated at lysine 4. These chromatin modifications are lost when latency is established and replaced by methylation of lysine 9, deacetylation of H3 and H4, and recruitment of HDACs. Concomitant with changes in histone modifications, association of RNA polymerase with the MIEP is lost when latency is established. Thus, changes in histone modifications correlate with loss of transcription. In addition, HP-1␥, which is thought to facilitate formation of a tightly condensed heterochromatin structure that is inaccessible to the transcription apparatus (5, 45, 51) , becomes associated with the MIEP in latent infection.
Our results are consistent with a previous study of human monocytes naturally infected with HCMV (43) . This study showed that the HCMV MIEP is bound to HP-1, but not acetylated H4 in latently infected cells, and that after reactivation induced ex vivo the converse was true. Similarly, a study using untreated and tetradecanoyl phorbol acetate-treated HCMV-infected THP-1 monocytic cells as in vitro models for latency and reactivation, respectively, found that tetradecanoyl phorbol acetate-induced reactivation results in deposition of acetylated histone H3 to the MIEP (21) . This study found little association of dimethylated H3K9 with the MIEP in latently infected THP-1 cells. Our study shows that, while there is some binding of dimethylated H3K9 to the MCMV MIEP in latent infection, the MIEP is more highly enriched in the monomethylated form of H3K9. Thus, our studies provide further evidence of the similarity between MCMV and HCMV in regulation of ie gene expression and support the validity of using MCMV as a model to study CMV latency and reactivation in vivo. Using this model, we have been able to substantially expand our knowledge of chromatin modifications and enzymes bound to the MIEP during latent infection. This knowledge will provide an important foundation for future studies investigating changes in chromatin bound to the MIEP that occur during transcriptional reactivation of ie gene expression induced by transplantation. An understanding of the mechanism by which transcriptional repressors are recruited to the MIEP is essential to designing future therapies to prevent establishment of latency or to eliminate existing reservoirs of latent infection. It is likely that this process is mediated by factors that bind to specific DNA sequences in the MIEP (3). Our studies show that YY1, which has been proposed to mediate repression of the HCMV enhancer (3), binds to the MCMV MIEP in latently infected mice. This observation suggests that YY1 may play such a role in the establishment of MCMV latency. It has been postulated that viral factors mediate chromatinization of the HSV genome as a mechanism for the establishment of latency (27) . Whether recruitment of transcriptional silencing factors to the MIEP is mediated by viral or host factors during the establishment of latency in CMV infection and determining the identities of those factors are important questions that remain to be answered.
